The retina is a sophisticated network of sensory and higher-order neurons that process a variety of visual information.[@bib1]^--^[@bib3] Anatomically, the photoreceptors synapse directly onto bipolar cells, which subsequently synapse onto ganglion cells and ultimately conduct action potentials to the brain.[@bib4] Vertebrate image-forming vision relies on two types of photoreceptors, rods and cones. In mammals, rods and cones initiate two information-processing streams. Rods mediate scotopic vision at low light stimulation, but adapt or bleach with high light stimulation. Cones mediate photopic vision and are less sensitive and more resistant to bleaching.[@bib4]^--^[@bib7]

Importantly, the light adaptations in the retina are regulated by different light intensities on a timescale ranging from milliseconds to hours.[@bib8]^,^[@bib9] The most thoroughly studied cellular site of light--dark adaptation is the photoreceptor,[@bib7]^,^[@bib9]^,^[@bib10] in which both the light sensitivity and adaptation mechanisms have been delineated in detail.[@bib11]^,^[@bib12] The sensorial neuron-specific mRNA cluster miR-183C includes miR-182, miR-183, and miR-96[@bib13]^,^[@bib14] and responds to different light conditions in mouse retinal neurons, independent of the circadian cycle.[@bib15] These microRNAs are downregulated during dark adaptation, upregulated during light adaptation, and exhibit rapid transcriptional changes. Although the importance of the photoreceptor miR-183C has been determined, the individual role of each member of this cluster is still not profoundly known.

Destruction of the miR-183C results in various retinal defects and other sensorial organ diseases.[@bib16]^,^[@bib17] The most recent study using miR-183C null mice revealed that it plays a key role in the cluster for temporal regulation of the terminal differentiation of photoreceptor and hair cells.[@bib16] Moreover, a miR-183^GT^ mouse model, created using a gene trap strategy, exhibited age-dependent retinal degeneration.[@bib18] Nevertheless, separate clarification of the roles of the individual microRNAs in vivo has not been fully carried out. Therefore, we firstly generated miR-183/96 double-knockout (DKO) mice and found that complete depletion of both miR-183 and miR-96 led to defective cone nuclear polarization and progressive retinal degeneration.[@bib17] Rnf217 was further identified as a cotarget of miR-183 and miR-96. *RNF217* codes for a 284-amino acid protein with two RING finger domains linked by an in-between-RING finger motif.[@bib19] This gene, which belongs to an ubiquitin ligase subfamily, is highly conserved across species and is highly expressed in various tissues.[@bib20] However, the role of Rnf217 in the retina is currently unclear. In addition, we generated the first deletion of a single miRNA in miR-183C, miR-182 KO mice.[@bib21] However, it did not display apparent structural abnormalities in the retinas. To further identify its contribution to retinal function, we carried out a series of in vitro and in vivo experiments and demonstrated that the deletion of miR-182 caused mild declined electroretinography responses in mice.[@bib22]

Based on our two previous mouse models, we found that simultaneous depletion of miR-183 and miR-96 led to serious retinal defects. But miR-182 KO mice only showed slight retinal dysfunction. Moreover, miR-96 was barely expressed in cone photoreceptors.[@bib23] Therefore, we suggested a reasonable hypothesis that miR-183 may play a dominant role in retinal functionality. To address this issue, we generated miR-183 knockout (KO) mice using the CRISPR/Cas9 genome-editing system[@bib24]^--^[@bib26] and aimed to determine the effects of miR-183 on retinal maturation and function. Compared with the previously undetected abnormal phenotype in the retinal architectures of miR-182 KO mice,[@bib21] functionally, we observed that removing this miR-183 lead to attenuated electroretinogram (ERG) responses on different postnatal days. Furthermore, in vivo and in vitro experiments revealed that Rnf217 was regulated by miR-183 and interacted with cilia-related genes. In conclusion, we first demonstrated that miR-183 affects the maintenance of retinal function. It is essential for mouse retinal function that the appropriate expression of Rnf217 and cilia-related genes regulated by miR-183 directly and indirectly.

Methods {#sec2}
=======

Generation of miR-183 KO Mice {#sec2-1}
-----------------------------

The miR-183 KO mice were generated in the C57BL/6 background with CRISPR/Cas9-mediated genome editing technology.[@bib24]^--^[@bib26] The mouse miR-183 gene (MiRBase: MI0000225; Ensemble: ENSMUSG00000065619) is located on chromosome 6. The flanking sequence 5'-ATTCTACCAGTGCCATACAC-3' was selected as a single guide RNA to target the mouse miR-183 seed sequence. These founders were genotyped by T7E1 assay[@bib27] and DNA sequence analysis ([Fig. 1](#fig1){ref-type="fig"} and [Supplementary Table S1](#iovs-61-3-12_s001){ref-type="supplementary-material"}). A mouse line carrying a 53-bp deletion (TATGGCACTGGTAGAATTCACTGTGAACAGTCTCAGTCAGTGAATTACCGAAG) around the miR-183 seed sequence was selected and bred for this project.

![Complete deletion of miR-183 by CRISPR/Cas9-mediated genome engineering technology in the mouse germ line. (**A**) Location of mouse miR-183 in the genomic organization and map of the Cas9 protein bound to the single guide RNAs. The Cas9 nuclease from *S* *pyogenes* (in *aquamarine*) targets the 22-nucleotide sequences in miR-183 (*red*) by a single guide RNA consisting of a 22-nt guide sequence (*red*) and a scaffold (*purple*). The guide sequence pairs with the DNA target (*red bar on the top strand*), directly upstream of a requisite 5′-NGG adjacent motif (PAM; *pink*). tel, telomeric; cent, centromeric. (**B**) Genotyping strategy for the WT mice and mutants (miR-183^−/−^) by DNA sequencing. The sequencing samples of the pair-wise sequence comparison between WT, heterozygous (miR-183^+/−^), and miR-183^−/-^ mice are shown. WT DNA was used as a negative control for sequencing in parallel. Blue shade, the seed sequence of miR-183. *Red dotted line*, the 53-bp deletion including the miR-183 seed sequence of miR-183^−/−^ mice. (**C**) qRT-PCR analysis (*n* = 3) of miR-183 expression at P30 in the retinas of the WT, homozygous (miR-183^−/−^), and heterozygous (miR-183^+/−^) mice, respectively. Relative expression levels of microRNAs were normalized to the level of U6. \**P* \< 0.05, \*\*\*i \<0.001 between the miR-183^−/−^ mice and littermates, Student *t*-test.](iovs-61-3-12-f001){#fig1}

Targeted Deep Sequencing of Candidate Off-Target Sites {#sec2-2}
------------------------------------------------------

We used Cas-OFFinder[@bib28] for off-target identification in the *Mus musculus* (mm10) reference genome, and the top 10 most likely potential off-target sites were predicted. The PCR fragments of the on-target and off-target sites were amplified using the primers ([Supplementary Table S2](#iovs-61-3-12_s001){ref-type="supplementary-material"}) in the KO and control mouse retinal samples and analyzed by targeted next-generation sequencing. The PCR products were gel purified using Monarch DNA Gel Extraction Kit (New England Biolabs, Ipswich, MA) and quantified using Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA). Next, the DNA Library was established using TruSeq DNA Library Prep Kits (Illumina, San Diego, CA) following the manufacturer\'s protocol. Then, paired-end sequencing of DNA Library was subjected to the HiSeq X Ten platform (Illumina). Finally, by analysis in comparison with the control group, potential off-target effects were verified in multiple KO mouse retinal tissues.

Animal Care and Use {#sec2-3}
-------------------

The animal resource center of Wenzhou Medical University handled and maintained all experimental animals, where they were housed under a 12-hour light--dark cycle and given a standard chow diet. Animal care followed the guidelines formulated by the Association for Research in Vision and Ophthalmology (ARVO). Experiments and procedures involving animals were permitted by the Animal Care and Use Committees of Wenzhou Medical University. Mice of both sexes were used in this study.

ERG {#sec2-4}
---

The miR-183 KO mice and age-matched wild-type (WT) controls were paired for Micron IV focal ERGs (fERGs). Micron IV fERGs were carried out following the instruction manual (Phoenix Research Labs, Pleasanton, CA). Mice were dark adapted for 12 hours and anesthetized intraperitoneally with a mixture of ketamine (80 mg/kg) and xylazine (16 mg/kg). The pupils were dilated with 0.5% tropicamide for 10 minutes, and corneas were anesthetized with 0.5% phenylephrine. A drop of Gen Teal lubricant eye gel (Novartis, East Hanover, NJ) was applied on the surface of the cornea to keep the cornea moist, and gold wire loop electrodes were placed over the corneas. Mice were placed on a 37°C warming pad to maintain the body temperature. Then, fERGs were measured with red light illumination as previously described.[@bib17] The gradient stimulus intensities used for the photopic fERGs were provided at light levels 0.7, 1.4, 2.1, 3.0, and 3.3 log (cd·s/m^2^). Each light level corresponded to a stimulus frequency of 20, 20, 10, 5, and 5 sweeps, respectively. The delay between sweeps was 0.7, 0.7, 10.0, 20.0, and 20.0 seconds, respectively. The gradient stimulus intensities used for the scotopic fERG were provided at light levels --1.7, --0.7, 0.3, 2.1, and 3.0 log (cd·s /m^2^). Each light level corresponded to a stimulus frequency 20, 20, 20, 10, and 5 sweeps. The delay between sweeps was 0.7, 0.7, 0.7, 10.0, and 20.0 seconds, respectively.

RNA Isolation and Quantitative RT-PCR (qRT-PCR) {#sec2-5}
-----------------------------------------------

Both retinas of each mouse were dissected, and the total RNA was extracted using TRIzol reagent (Life Technologies) and RNeasy Mini Kit (Qiagen, Duesseldorf, Germany). The extracted RNA was quantified on a NanoDropND-1000 spectrophotometer (Thermo Fisher Scientific, Grand Island, NY). For analysis of miRNA levels, cDNA was prepared using AMV Reverse Transcriptase (Takara Bio, Kusatsu, Japan) and a stem-loop RT primer. qRT-PCR was carried out using a TaqMan PCR kit and a 7500 Sequence Detection System (Applied Biosystems, Carlsbad, CA). For mRNAs, total RNA was reverse transcribed into cDNA with M-MLV reverse transcriptase (Promega, Madison, WI) and random primers (Promega). qRT-PCR was performed using the Applied Biosystems Step One System using a standard protocol with cDNA, SYBR Green PCR master mix (Roche Applied Science, Indianapolis, IN), and specific primers ([Supplementary Table S3](#iovs-61-3-12_s001){ref-type="supplementary-material"}).[@bib29]

Western Blot Analysis {#sec2-6}
---------------------

Total protein was extracted from tissues or cells using lysis buffer containing protease inhibitors. The extracted proteins were quantified with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific), separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrotransferred onto a nitrocellulose blotting membrane (PALL Corporation, Port Washington, NY). The membranes were blocked for 1 h in 5% skim milk in 1  ×  Tris-buffered saline Tween and incubated overnight with primary antibodies at 4°C. Last, the membranes were incubated with secondary antibodies at room temperature for 1 hour. Fluorophore-conjugated antibodies were detected using the Odyssey Imager (LI-COR Biosciences Inc., Lincoln, NE). The primary antibodies used were mouse anti-Rnf217 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA) and mouse anti--β-actin (1:2000, KangChen Bio-tech, Shanghai, China). The secondary antibodies were IRDye 680-conjugated goat anti-rabbit (Abcam, Cambridge, Cambridgeshire, UK) and IRDye 800CW-conjugated goat anti-mouse (Abcam).

RNA-Sequencing Analyses {#sec2-7}
-----------------------

Total RNA was extracted from WT retinas according to the instruction manual of the Trizol Reagent (Life Technologies) at different developmental times (E13.5 to P45). The cDNA library was constructed using an Illumina Hiseq 2500 sequencing platform. Gene expression levels were estimated using fragment per kilobase of exon per million fragments mapped values by the Cufflinks software ([Supplementary Table S4](#iovs-61-3-12_s001){ref-type="supplementary-material"}). The differentially expressed genes in WT retinas were processed by gene ontology analyses.

Plasmid Construction, Transfection, and Cell Culture {#sec2-8}
----------------------------------------------------

To overexpress Rnf217 in in vitro experiments, plasmids (primer sets in [Supplementary Table S5](#iovs-61-3-12_s001){ref-type="supplementary-material"}) were constructed and transfected into cells of the photoreceptor-derived cell line 661W (Department of Cell Biology, University of Oklahoma Health Sciences Center, Oklahoma City, OK) using a transfection reagent (Lipofectamine 2000; Invitrogen, Carlsbad, CA). Another group of 661W cells treated with PBS served as the control group. The 661W cells were cultured in Dulbecco\'s modified Eagle\'s medium (Life Technologies) containing 10% fetal bovine serum (Gibco, Waltham, MA; Thermo Fisher Scientific) and 100 U/mL penicillin-streptomycin (Thermo Fisher Scientific).[@bib30]

Adeno-Associated Virus (AAV) 2/8-Mediated miR-183 and Rnf217 Overexpression {#sec2-9}
---------------------------------------------------------------------------

The packaged plasmids of AAV2/8-mediated miR-183 and Rnf217 ([Supplementary Table S6](#iovs-61-3-12_s001){ref-type="supplementary-material"}) overexpression were constructed as described previously.[@bib17] The target sequence of AAV2/8-mmu-miR-183 was cloned into the NheI and HindIII sites of a GV412 vector containing CMV bGlobin-EGFP-MCS. The target sequence of AAV2/8-mmu-Rnf217 was cloned into the BamHI/BamHI sites of a GV467 vector containing CMV-bGlobin-MCS-EGFP-3Flag. An AAV2/8-mediated empty vector containing CMV-bGlobin-EGFP was used as the negative control. The inserted sequence was generated by qRT-PCR using the primers listed in [Supplementary Table S6](#iovs-61-3-12_s001){ref-type="supplementary-material"}. The titers of AAV2/8-mmu-miR-183, AAV2/8-mmu-Rnf217, and AAV2/8-CMV-bGlobin-eGFP were 5.13 × 10^12^ TU/mL, 2.5 × 10^12^ TU/mL, and 3.76 × 10^12^ TU/mL, respectively.

AAV Injections {#sec2-10}
--------------

Four-week-old C57BL/6J WT mice were anesthetized by ketamine and xylazine (as described in the ERG protocol elsewhere in this article) at P30. After dilation with 0.5% tropicamide for 10 minutes, the eyes were gently protruded and subsequently covered with 2% hydroxypropyl methylcellulose in PBS, allowing surgery to be performed under an operating microscope. A small incision was created away from the lens near the sclera with a sharp 30-G hypodermic needle. Then, a total of 1 µL (1 × 10^12^ TU/mL) of AAV-mmu-Rnf217, AAV-mmu-miR-183 for the right eye and control vector for the left eye were injected slowly into the subretinal space between the retina and RPE using a blunt 5-μL Hamilton syringe held in a micromanipulator. The mark of a successful injection was the presence of a retinal detachment.

Statistical Analyses {#sec2-11}
--------------------

All results are presented as the means ± SEM, and statistical significance was assessed using a two-tailed Student *t*-test. The results were visualized using R project as previously described.[@bib31] \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 between the KO and WT groups or experimental and control groups.

Results {#sec3}
=======

Precise Deletion of the miR-183 Seed Sequence in Mice {#sec3-1}
-----------------------------------------------------

The three components of miR-183C, that is, miR-182, miR-183, and miR-96, have highly similar seed regions and extensive overlap in their predicted targets.[@bib13] The particularly interesting characteristics of this genome organization prompted us to understand the individual roles of the components of this cluster in mice. Structurally, miR-183C spans more than 15 kB with several potent exons scattered between the three microRNA members. Therefore, to avoid interfering with any potential epigenetic motifs, we needed to perform precise editing of the microRNAs in this region. CRISPR/Cas9-mediated genome engineering technology[@bib24]^--^[@bib26] allowed for the design of miR-183--specific single guide RNAs to generate a KO mouse model, termed miR-183^−/--^ mice ([Fig. 1](#fig1){ref-type="fig"}A). The positive founders that carried a 53-bp deletion (including the miR-183 seed sequence) were identified by a T7E1 assay[@bib27] and DNA sequencing analysis. Then, their offspring were genotyped by DNA sequencing after reproducing several generations ([Fig. 1](#fig1){ref-type="fig"}B). To verify and exclude potential off-target effects, we selected the top 10 candidate off-target sites[@bib28] and assayed by targeted next-generation sequencing. Through sequence analysis in comparison with the control group, no off-target sites were identified in multiple KO mouse retinal tissues. qRT-PCR targeting the seed sequence of miR-183 validated the absence of this microRNA expression in the homozygous (miR-183^−/−^) mice ([Fig. 1](#fig1){ref-type="fig"}C). Accordingly, its expression was decreased to 59.6% in the heterozygous (miR-183^+/−^) mice ([Fig. 1](#fig1){ref-type="fig"}C). Our KO model was demonstrated to successfully and precisely knock out the miR-183 sequence without impacting other regions of the genome in mice.

Deletion of Mature miR-183 Leads to Progressively Attenuated ERG Responses {#sec3-2}
--------------------------------------------------------------------------

Data obtained in previous studies using the DKO mouse model suggested that the photopic ERG responses were abolished as early as P30.[@bib17] In our study, the lack of the miR-183 seed sequence in mice had a mild influence on the ERG responses ([Fig. 2](#fig2){ref-type="fig"}). At P30, the earliest evaluation time point, the miR-183 KO mice displayed significantly lower b-wave amplitudes than WT mice in the photopic ERG responses, but not flat waves (decreased to 39.4% at the highest stimulus intensity; [Fig. 2](#fig2){ref-type="fig"}A, *right*). Interestingly, unlike the observation in DKO mice,[@bib17] the scotopic ERG b-wave in miR-183^−/--^ mice had a lower amplitude than its WT counterpart (decreased to 61.3% at the highest stimulus intensity; [Fig. 2](#fig2){ref-type="fig"}A, *left*). In general, the scotopic rather than the photopic ERG amplitudes declined progressively at the next two inspected time points, P90 and P180 ([Fig. 2](#fig2){ref-type="fig"}B--D). These two time points showed a much more obvious decrease in the scotopic amplitudes from P30 (with b-wave amplitudes in miR-183^−/--^ mice decreasing from 61.3% to 46.5% at the highest stimulus intensity) than those in the photopic ones (decreasing from 39.4% to 32.9%; [Fig. 2](#fig2){ref-type="fig"}B, D). Taken together, the ERG experiments demonstrated that precise removal of miR-183 resulted in a mild and progressive deterioration on retinal functions.

![Deletion of the miR-183 gene resulted in progressive defects in ERG responses in the mouse retina. ERG recordings were obtained from adult mice at P30, P90, and P180 at different stimulus intensities. (**A**) Quantitative measurements of scotopic, reflecting mostly rod activity (*left* in **A**, **B**, and **D**), and photopic, reflecting mostly cone activity (*right* in **A**, **B**, **D**). There were some significant differences in either a-wave or b-wave amplitude at P30 (**A**), P90 (**B**), and P180 (**C**, **D**) between miR-183^−/−^ and age-matched WT mice stimulated with light of the indicated intensities. WT mice: i = 4, 5, and 4 for P30, P90, and P180, respectively; miR-183^−/−^mice: *n* = 7, 3, and 5 for P30, P90, and P180, respectively. (**C**) Representative scotopic and photopic ERG recording curves of P180 mice. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, Student *t*-test.](iovs-61-3-12-f002){#fig2}

Rnf217 Modulates the Expression of Cilia-Related Genes in Photoreceptors {#sec3-3}
------------------------------------------------------------------------

Our previous study found that Rnf217, which is regulated by miR-183, was a cotarget of miR-183 and miR-96.[@bib17] In addition, RNF2, a ring finger protein, have been reported to interact with some cilia-related BBS proteins (BBS1, BBS2, BBS4, and BBS7) in the progress of protein degradation.[@bib32] As with RNF2, RNF217 was also a ring finger protein,[@bib19] which can also degrade target proteins by ubiquitination.[@bib20] Therefore, we proposed that Rnf217 might regulate the expression of some cilia-related BBSome genes in the retina. To test this hypothesis, we first analyzed our in-house normal data at different developmental timepoints and found that Rnf217 expression decreased across development ([Fig. 3](#fig3){ref-type="fig"}A). Simultaneously, the expression of the miR-183 cluster[@bib17] and cilia-related BBSome genes in WT mouse retinas increased across development ([Fig. 3](#fig3){ref-type="fig"}A).

![Rnf217 is regulated by miR-183 and negatively regulates BBSome genes in photoreceptors. (**A**) The relative expression of Rnf2, Rnf217, and BBSome genes based on in-house RNA sequencing data on a log2 scale indicated that Rnf217 expression was inhibited in parallel with the accumulation of BBSome genes in the developing mouse retina from P0 onward. (**B** and **C**) Overexpression of Rnf217 (**B**) in 661W cells leads to the downregulation of most BBSome genes (including Bbs1, 2, 8, and 9) as determined by quantitative RT-PCR (qRT-PCR) assay (**C**). (**D**) The RNF217 level was higher in miR-183^−/−^ mouse retinas (brown) than in the retinas of WT littermates (*aquamarine*) as shown by Western blot analysis at P30 and P180. The DKO mouse retina served as a positive control, and tubulin served as a loading control (*bottom*). The first band is a marker standard, glyceraldehyde-3-phosphate dehydrogenase. (**E**) Overexpression of miR-183 in WT retinas transfected with miR-183-overexpressing AAV vectors resulted in downregulation of Rnf217 and upregulation of some BBSome genes. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](iovs-61-3-12-f003){#fig3}

We then confirmed Rnf217 as a target of miR-183 by Western blotting at P30 and P180 ([Fig. 3](#fig3){ref-type="fig"}D). Consistently, in vitro experiments verified that overexpression of Rnf217 in 661W cells repressed expression of some of the cilia-related BBSome genes ([Figs. 3](#fig3){ref-type="fig"}B, C). Moreover, overexpression of miR-183 in the retinas led to the downregulation of Rnf217 and misregulation of cilia-related BBSome genes ([Fig. 3](#fig3){ref-type="fig"}E). Previous studies showed that cilia-related BBSome genes (e.g., Bbs1 to Bbs10) are associated with primary cilia formation and photoreceptor functionalization in the eye.[@bib33]^--^[@bib35] And aberrant expression of cilia-related BBSome genes could lead to a ciliopathy, Bardet-Biedl syndrome.[@bib36]^,^[@bib37] Bardet-Biedl syndrome is an autosomal-recessive disease characterized by defects in multiple systems, including retinal dystrophy, hypogonadism, renal abnormalities, obesity, mental retardation, and dystrophic extremities.[@bib37]^,^[@bib38] Furthermore, abnormal expression of BBSome genes are able to cause retinal disorganized ERG response.[@bib39]^--^[@bib42] Therefore, it may be the cause of the defective ERG in miR-183 KO mice. Taken together, our results provided evidence showing that Rnf217, as a direct target of miR-183, affects the normal expression of cilia-related BBSome genes.

Overexpression of Rnf217 is Detrimental to Mouse ERG Responses {#sec3-4}
--------------------------------------------------------------

Across development, the expression levels of Rnf2 decreased gradually with different developmental stages in mouse retinas ([Fig. 3](#fig3){ref-type="fig"}A). Separately, Rnf217 was downregulated after birth, indicating that it is unnecessary in the postnatal stages ([Fig. 3](#fig3){ref-type="fig"}A). However, the specific role of Rnf217 in the retina has not been studied. To verify whether or not Rnf217 overexpression in miR-183 KO mice was the cause of the attenuated ERG responses, we ectopically expressed this gene in WT mice. Overexpression was carried out at P30, and ERG and RNA analysis were performed on retinas at P50 ([Fig. 4](#fig4){ref-type="fig"}A). By using an AAV-mediated subretinal injection, we successfully introduced this gene ([Fig. 4](#fig4){ref-type="fig"}B) into retinas with a 47-fold enhancement in expression as measured by qRT-PCR ([Fig. 4](#fig4){ref-type="fig"}C). As expected, compared with the waves in the control virus-injected eyes, there were significant decreases in scotopic a-wave and b-wave amplitudes in the treated eyes at the highest stimulus intensity (scotopic b-wave amplitude decreased to 68.9%; a-wave amplitude decreased to 62.6%; [Fig. 4](#fig4){ref-type="fig"}D). However, there were no significant changes in the photopic a-wave and b-wave amplitudes (data not shown). These results indicated that the direct regulation of Rnf217 expression by miR-183 supported the functionalities of both rods and cones. Overexpression of Rnf217 may be detrimental to miR-183 KO mouse ERG responses.

![Overexpression of Rnf217 is detrimental to the mouse retina. (**A**) Schematic representation of the experiments showing important time points. (**B**) AAV-mediated Rnf217 overexpression and control expression (OS, left eye) cassettes were driven by the pCMV-bGlobin promoter. Spacer sequences were inserted downstream of eGFP into the AAV vectors. (**C**) Rnf217 expression in AAV-Rnf217-injected retinas was much greater than in the AAV-eGFP--injected WT retinas (OS) as analyzed by qRT-PCR (*n* = 3). **(D)** Significantly attenuated scotopic ERG responses appeared in the eyes injected with AAV-Rnf217 compared with the control eyes. AAV-Rnf217 subretinal injection, *n* = 10; AAV-eGFP (*n* = 10). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; Student *t*-test.](iovs-61-3-12-f004){#fig4}

Discussion {#sec4}
==========

Retinitis pigmentosa is a dominant cause of inherited blindness that results from a remarkably progressive retinal degeneration.[@bib43] There is evidence that gene mutations, including microRNA genes, are causally associated with this and other forms of inherited retinal degeneration.[@bib44]^--^[@bib51] Interestingly, inactivation of miR-183C causes various defects in the visual, auditory, vestibular, and olfactory systems during the terminal differentiation stage.[@bib16]^--^[@bib18]^,^[@bib21]^,^[@bib23]^,^[@bib52]^--^[@bib57] By precisely editing the miR-183 seed sequence in mice, we revealed that this microRNA is indispensable for the maintenance of retinal function. Removing the seed sequence of miR-183 directly or indirectly led to downstream mRNA misregulation, which may finally contribute to the compromised ERG responses. This finding extended our understanding of the typical roles of the individual microRNAs in the miR-183C cluster.

So far, the role of most abundant miR-183C or its individual member (miR-182 or miR-96) in sensory nervous system has been well studied in last decade.[@bib16]^--^[@bib18]^,^[@bib21]^,^[@bib22]^,^[@bib23]^,^[@bib52]^--^[@bib57] Previous studies demonstrated the complete deletion of mouse miR-183C led to dysmaturity of sensory receptor precursors, sequential delay of outer segment elongation, and malposition of cone photoreceptors with serious and broad vision loss.[@bib16] Similarly, our previous miR-183/96 DKO mice also exhibited severe defective cone maturation and progressive photoreceptor degeneration with compromised ERG responses. Unexpectedly, the ablation of single mouse miR-182 did not give rise to any apparent defects in retinal architecture, but resulted in mildly decreased ERG responses. These inconsistent discoveries aroused our interests in exploring the individual role of 183 and 96 on retina. miR-96 was expressed at a very low level in mouse retina compared with miR-183 and miR-182[@bib13] and was abundant in hair cells.[@bib56]

Based on these previous observations,[@bib13] we reasoned that miR-183 may be a dominant factor for retinal development. However, our miR-183 KO model showed mild progressive retinal dysfunction. This observation prompted us to hypothesize that, instead of miR-183, other factors within the KO region of the DKO mice may be the hidden contributors to the retinal degeneration.[@bib17] Thereinto, the inhibition of miR-96 led to eye malformations as well as defects in cranial cartilage development in zebrafish.[@bib58] Xu et al.[@bib13] reported that the miR-183 cluster is located in an intron that envelopes three potential exon genes and spans more than 15 kb on mouse Chr6qA3.3. Therefore, we developed a second hypothesis that the predicted exons, located upstream and downstream of the miR-183 cluster, may play important regulatory roles in forming and maintaining retinal functionality and organization. In contrast, noncoding RNA has the potential to interact with microRNA.[@bib59] Therefore, this suggests a third hypothesis, that is, that regulatory noncoding RNA within the region that indirectly influences retinal structure and function. Further studies are required to test and verify the three hypotheses as suggested.

Photoreceptor functions are regulated by various transcriptional factors.[@bib60]^,^[@bib61] Cilia-related genes play an important role in primary cilia formation and photoreceptor functionalization in the eye.[@bib33]^--^[@bib35] Moreover, aberrant expression of cilia-related BBSome genes could cause some abnormalities in ERG response.[@bib39]^--^[@bib42] We found significant misregulation of cilia-related gene expression in miR-183^−/−^ mice, suggesting that it could lead to defects in retinal function. However, the Rnf217 protein is a putative E3 ubiquitin protein ligase, which degrades target proteins by ubiquitination.[@bib20] Whether Rnf217 accounts for the ubiquitination of the cilia-related genes needs further investigation. In addition, depletion of BBS8 perturbs olfactory function, and some patients with Bardet-Biedl syndrome exhibit hearing loss,[@bib62]^,^[@bib63] suggesting that miR-183--mediated regulation of Rnf217 may exist in other sensory neurons as well.

Precise deletion of miR-183 resulted in the upregulation of Rnf217 and misregulation of cilia-related genes in mice. Overexpression of Rnf217 in WT mice resulted in perturbed ERG responses, which were also observed in miR-183 KO mice. These findings are consistent with the known misregulation of mouse cilia-related genes that cause retinal dysfunction.[@bib62]^,^[@bib63] Thus, the miR-183-- and Rnf217--mediated gene networks may serve as a fundamental component in the maintenance of normal mouse ERG responses.

Taken together, our findings demonstrate that miR-183 is necessary for retinal functionality in mice. ERG responses are primarily affected by disturbances in miR-183--mediated mis-expression. Proper Rnf217 and cilia-related gene expression, regulated directly and indirectly by miR-183 across development, is indispensable for mouse retinal function. Our findings demonstrate that miR-183--mediated gene regulation is essential for retinal functionality.

Supplementary Material
======================

###### Supplement 1

The authors thank the Specific Pathogen Free (SPF) animal facility at Wenzhou Medical University for supporting this project.

Supported by the National Key R&D Program of China (2017YFA0105300, 2017YFB0403702 \[Z-BJ\]), National Natural Science Foundation of China (81970838 \[Z-BJ\], 81870690 \[X-JC\], 81800857 \[LX\]), Zhejiang Provincial Natural Science Foundation of China (LD18H120001LD \[Z-BJ\]). The authors alone are responsible for the content and writing of the paper.

Disclosure: **C.-J. Zhang,** None; **L. Xiang**, None; **X.-J. Chen**, None; **X.-Y. Wang**, None; **K.-C. Wu**, None; **B.-W. Zhang**, None; **D.-F. Chen**, None; **G.-H. Jin**, None; **H. Zhang**, None; **Y.-C. Chen**, None; **W.-Q. Liu**, None; **M.-L. Li**, None; **Y. Ma**, None; **Z.-B. Jin**, None

[^1]: C-JZ and LX contributed equally to this work.
